In this work, activated carbon (AC)-supported TiO 2 containing 1.0% (mass percent) of 1.0 at.% (atomic percent) Fe 3þ -doped TiO 2 nanotubes (Fe-TNTs) were successfully synthesized. The catalyst was used to effectively decompose toluene in water under O 3 /UV conditions, and some properties including the morphology, X-ray photoelectron spectroscopy, X-ray diffraction patterns, specific surface area and UV-visible diffuse reflectance spectroscopy were analyzed. A removal efficiency of 90.7% was achieved in the presence of fresh AC-supported Fe-TNTs calcined at 550 W C, with a pseudo-first-order rate constant of 0.038/min. The removal efficiency of toluene was reduced when the catalysts were repeatedly used, since the amount of adsorption sites of the supporting substrates decreased.
INTRODUCTION
Huge amounts of toluene are used as basic chemicals to synthesize dyes, pigment inks, explosives and medicines (Wiszniowski et al. ) . These applications cause water pollution and endanger human health.
In the past decades, efforts have been devoted to the decomposition of toluene in air. The UV photocatalytic ozonation process has emerged as a highly efficient method for the decomposition of pollutants because of the generation of hydroxyl radicals ( • OH) (Wei et al. ) . TiO 2 -photocatalyzed reactions are non-selective oxidation processes in mg/L level, and the use of TiO 2 is effective for inactive substrates (Ghouas et al. ) . However, the relatively wide band gap of TiO 2 (3.2 eV) limits the efficiency of photocatalytic reactions because of the high recombination rate of photogenerated electrons and holes. To solve these problems, ions have been doped into TiO 2 (Yuan et al. ) . Fe 3þ has been found to be the best candidate due to its proper band gap (∼2.6 eV) and similar size to that of Ti 4þ (Wang et al. ) . In addition, Fe 3þ ions trap not only electrons but also holes, which leads to the increase of photocatalytic activity (Sun et al. ) .
However, there are some drawbacks in using TiO 2 nanotubes in powder form. First, the separation of TiO 2 from water is difficult (Calza et al. ) ; second, the suspended TiO 2 tends to aggregate especially at high concentrations; thus its photocatalytic activity decreases (Asiltürk & Sȩner ) . This deficiency can be avoided by coating TiO 2 on inert substrates (Mansilla et al. ) , but the photocatalytic ability usually decreases because the catalysts anchored on the substrate are difficult to effectively disperse in water to make full contact with target pollutants (Shi et al. ) . To solve this problem, adsorbent substrates with large surface area are employed because the adsorption properties of substrates can compensate for the loss of the photocatalytic ability caused by immobilization, and can even improve the photocatalytic ability (Shi et al. ) . Using activated carbon (AC) as a supporting substrate will help increase the photodegradation rate by progressively allowing an increased quantity of substrate to come in contact with the TiO 2 by adsorption (Puma et al. ) .
To remove the toluene from water, a method involving O 3 , UV and Fe 3þ -doped TiO 2 nanotubes (Fe-TNTs) was employed. AC-supported Fe-TNTs were synthesized using hydrothermal method. The catalytic properties of the photocatalysts were analyzed, and the toluene removal efficiencies were measured. Comparative experiments were conducted to investigate the isolated effects of O 3 alone, bare AC, O 2 /UV/AC and O 2 /UV/AC-supported Fe-TNTs processes on toluene removal. The water from a petrochemical company in China was used to study the application of the O 3 /UV/TiO 2 technique.
MATERIALS AND METHODS
Materials P-25 TiO 2 was provided by the Degussa Corporation (Richfield Park, New Jersey). The powder has a BET (Brunauer-Emmett-Teller) surface area (S BET ) of 50 m 2 /g, an average crystallite size of 21 nm, and a crystal structure of 80% anatase and 20% rutile. The coal-based AC (analytical reagent) was purchased from Tianjin Fuchen Chemical Reagent Company. The granularity of the carbon is 100-150 meshes, with a specific surface area of 1,150 m 2 /g, a methylene cyanine adsorption value of 120 mg/g and an iodine value of 900 mg/g. Toluene, Fe(NO 3 ) 3 · 9H 2 O, hydrochloric acid and NaOH used in this work were analytical reagent, purchased from Beijing Chemical Reagent Company (China).
The major photocatalytic reactor is a cylindrical glass column with diameter of 100 mm and height of 380 mm, containing an 18 W low-pressure mercury vapor lamp (UV wavelength, 254 nm; UV radiation intensity, 55 μW/cm 2 ; Beijing Haili Lighting Equipment Company, China) with a diameter of 22 mm and a height of 356 mm. Oxygen (O 2 ) gas was prepared by an oxygenerator (Beijing North Star Yaao SciTech Co., Ltd, China), whereas ozone (O 3 ) was produced by an O 3 generator (Beijing Tonglin SciTech Co., Ltd, China). Ozone-containing gas was fed into the reactor through a porous glass core aeration plate (pore size 4-7 μm).
Preparation of AC-supported Fe-TNTs
To synthesize the 1.0% (atomic percent) Fe-TNTs, 1 g of P-25 TiO 2 and 0.0505 g of Fe(NO 3 ) 3 · 9H 2 O were added into 16 mL of 10 mol/L NaOH solution in a Teflon vessel. The mixture was stirred for 2 h at room temperature to form a suspension. Afterward, the suspension was heated at 110 W C for 24 h in an oven, and cooled to room temperature in air. The precipitates were washed with distilled water to pH 7, and subsequently dispersed in a 0.1 mol/L HCl aqueous solution. After ultrasonication for 30 min, the precipitate was washed continuously with distilled water to pH 7. After filtration, Fe 3þ -doped titanic acid nanotubes were obtained. The titanic acid nanotubes were dried in a hot-air oven at 60 W C.
AC was crushed into small particles (100-150 meshes) and soaked in a 5% HCl solution for 12 h to remove any impurity. The acid solution was removed by filtration using the quantitative filter paper with bore diameter of 80-120 μm. Then AC was washed to pH 7. AC-supported Fe-TNTs catalyst was prepared by mixing AC with Fe 3þdoped titanic acid nanotubes using dry ethanol. The mass percent of Fe 3þ -doped titanic acid in AC was 1.0%. The suspended substance was dried at 60 W C after ultrasonication for 30 min. AC-supported Fe-TNTs were prepared by calcining the as-prepared catalysts at 550 W C for 2 h.
Characterization of AC-supported Fe-TNTs
The properties of the catalysts were analyzed because they may have great effect on the photocatalytic activity. Transmission electron microscopic images were acquired with a Hitachi HT-7700 electron microscope (Tokyo, Japan). Scanning electron microscopy (SEM) images were obtained with an EVO18 electron microscope (Carl Zeiss, Germany), and atlases of energy distribution were achieved with a Tracor Northern 524 (USA) X-ray energy dispersive spectrometer (EDS). The surface elemental compositions of the Fe-TNTs were recorded with X-ray photoelectron spectroscopy (XPS; AXIS Ultra DLD, Kratos Analytical, UK). X-ray diffraction (XRD) patterns of the substrate-supported catalysts were collected in a Rigaku Dmax-RB diffractometer (Tokyo, Japan). The S BET values were determined by N 2 adsorption on a Quadrasorb SI-MP apparatus (Quantachrome Instrument, USA). The diffuse reflectance spectroscopy (DRS) analyses were obtained using a Hitachi U-3010 UV-visible (UV-vis) scanning spectrophotometer (Tokyo, Japan).
Toluene removal by O 3 /UV/AC-supported Fe-TNTs treatment
In the O 3 /UV/AC-supported Fe-TNTs process, aqueous slurries were prepared by adding 25 g of the photocatalyst to 2,500 mL of a 2.25 mg/L toluene aqueous solution at pH 7. The aqueous slurries were stirred at 100 rev/min, irradiated using an 18 W UV lamp, and bubbled with O 3 (25 mg/(L · min)) for 60 min. Every 10 min, a 200 mL sample was acquired. A clear solution was obtained after centrifugation at 2,000 rev/min. The toluene concentration was analyzed by solvent extraction-capillary gas chromatography method (GB/T 5750.12-2006, China), and a gas chromatograph (GC) with a flame ionization detector (FID) (Agilent 7890A, USA) was used. The temperatures of injector and FID detector of GC were 210 W C and 220 W C, respectively. The temperature program comprised two phases: initially the temperature was set at 50 W C for 10 min; it was then ramped to 80 W C at a rate of 10 W C/min and held for 3 min.
To investigate the repeatability of the catalysts, the toluene removal tests were repeated four times. The precipitants in the reactor and the samples were washed with distilled water and dried at 60 W C. The used catalysts were added into the aqueous toluene and toluene removal efficiencies under O 3 /UV/TiO 2 process were analyzed. The toluene removal efficiencies in the presence of unsupported Fe-TNTs were also investigated following the aforementioned methods, except that 0.25 g of the Fe-TNTs catalyst was used instead of 25 g of AC-supported Fe-TNTs. All of the above-mentioned tests were repeated three times to minimize the errors.
Four comparative experiments were also conducted to investigate the isolated effects of O 3 alone, bare AC alone, O 2 /UV/AC and O 2 /UV/AC-supported Fe-TNTs processes on toluene removal. In the first experiment, only O 3 was inlet into the water without adding the catalyst, and the UV lamp was turned off. In the second one, 25 g of AC were added without turning on the O 3 generator and the UV lamp. In the third experiment, 25 g of AC were added, the UV lamp was turned on, and the O 3 generator was turned off. In the fourth experiment, all procedures were similar to the O 3 /UV/AC-supported Fe-TNTs experiments except that the O 3 generator was turned off.
To investigate the application of the technique, water from a petrochemical company in China was used to obtain the pollutant removal efficiency by the O 3 /UV/ACsupported Fe-TNTs process. Except for the toluene concentration, the total organic carbon (TOC) was also measured by the spectrophotometer using low-range TOC ampoules (Hach Chemical, USA).
RESULTS AND DISCUSSION

Characterization of the photocatalysts
The morphologies, XPS spectra, XRD spectra and UV-vis DRS spectrograms were obtained to achieve the properties of the catalysts (Figure 1) .
Morphologies of the catalysts
The morphologies of Fe-TNTs calcined at 550 W C (Figure 1(a) )
indicate that the Fe-TNTs had an average diameter of about 6 nm with a hollow structure and open ends. From the SEM images it was evident that the substrates were covered with Fe-TNTs, which were further confirmed by the energy spectra results.
XPS analysis for the catalysts
The sharp XPS peaks for Ti, O, Fe, Na and C were observed in the XPS spectra of the Fe-TNTs (Figure 1(b) ). The Ti 2p3/2 and Ti 2p1/2 spin-orbital splitting photoelectrons for the undoped samples were located at 458.5 and 464. 
XRD analysis for the catalysts
It can be seen from Figure 1(c) that the crystallite phase containing iron oxide was not observed in the XRD pattern of the Fe-TNTs. This was because the ionic radius of Fe 3þ was 55 pm, smaller than that of that of Ti 4þ (60.5 pm). The peak intensities changed when TiO 2 was coated on AC. The peak intensities of TiO 2 increased, and the intensities of the representative peaks of AC decreased. It clearly illustrates AC-supported Fe-TNTs catalysts were successfully synthesized.
The crystallinities of the catalysts before and after toluene decomposition obey an almost similar pattern. It indicates the catalysts are stable since the structure of those catalysts did not change after reaction (Reddy et al. ) . The TiO 2 XRD peak intensities of the used AC-supported Fe-TNTs catalysts were somewhat lower than that of the fresh catalysts. This is because the pollutants are adsorbed on the catalysts, and the Fe-TNTs on the surface of the catalysts are slightly abraded after reactions.
BET surface analysis for the catalysts
The S BET of the fresh AC-supported and unsupported Fe-TNTs was 489 and 156 m 2 /g, while that of the used catalysts was 478 and 154 m 2 /g, respectively. The composites of AC-supported Fe-TNTs exhibited higher S BET values than the unsupported Fe-TNTs. These features increased their photocatalytic performance (Li et al. ) .
The bare AC had a specific surface area of 1,150 m 2 /g. The Fe-TNTs on AC led to a decrease in the specific surface area. There are three possible reasons. First, the average crystal size of Fe-TNTs (19.7 nm) is smaller than the pore size of the macropores and some of the mesopores; so the entrance of TiO 2 into the pores is possible. Second, Fe-TNTs can block the gates of the micropores and deposit on the surface of the catalysts (Puma et al. ) . Third, the decrease in S BET is attributed to the agglomeration of small size crystallites during calcination (Lafjah et al. ) .
The S BET of AC-supported Fe-TNTs slightly decreases during the reactions, indicating the amount of adsorption sites reduces because some of the pollutants are adsorbed onto the catalysts.
UV-vis DRS analysis of the catalysis
The UV-vis DRS analysis of the catalysts was conducted to obtain the energy band gaps (E g ). TiO 2 nanotubes had an indirect band gap, and the plot relation was used:
where F(R ∞ ) is the Kubelka-Munk (K-M) function, h is the Planck constant, γ is the frequency, and A is a coefficient that has no effect on the calculation of E g . The value of F(R ∞ ) can be estimated using the K-M formula:
where R ∞ is the diffuse reflectance. The UV-vis DRS spectrograms of AC-supported Fe-TNTs are shown in Figure 1(d) . The characteristic absorbance edge of the catalysts can be observed at about 350 nm. The E g of AC-supported and unsupported catalysts before reaction were 2.70 eV, while those of the catalysts after reaction were 2.82 and 2.70 eV, respectively.
The E g of Fe-TNTs is visibly narrower than that of anatase TiO 2 (3.2 eV). The result reveals that the Fe 3þ was indeed incorporated into the TiO 2 lattice, thus altering its crystal and electronic structures (Mahalakshmi et al. ) . The reduction in E g would allow the excitation of the catalyst under lower power of irradiation, and therefore enhance the photocatalytic activity of the catalyst.
Similar to the opinion of Wang (Wang et al. ) , the E g of the fresh AC-supported catalysts was 2.70 eV, which was the same as that of the Fe-TNTs, indicating that the effects of AC on the E g of the catalysts are negligible. The E g of ACsupported catalyst increases by 0.12 eV after reaction because the Fe-TNTs on the surface of the catalysts are slightly abraded after reactions.
Photocatalytic activity of the photocatalysts
The photocatalytic activities of the unsupported and AC-supported Fe-TNTs were evaluated through UV photocatalytic ozonation of toluene (Figure 2(a) ). The isolated effects of O 3 alone, bare AC alone, O 2 /UV/bare AC and O 2 /UV/ AC-supported Fe-TNTs processes on toluene removal were also investigated (Figure 2(b) ). In order to obtain the removal efficiency of the pollutant in water by the O 3 /UV/ AC-supported Fe-TNTs process, a petrochemical company waste water was used, and the toluene concentration and TOC of the water were determined (Figure 2(c) ).
The effect of the supported substrate
The toluene removal efficiency in the presence of the unsupported Fe-TNTs catalyst calcined at 550 W C was 70.7%, with the pseudo-first-order reaction rate constant of 0.022/min, and the data did not decrease significantly when the catalyst was used for several times (66.7% for the four-time-used catalyst). Better photocatalytic activity was achieved when the Fe-TNTs were coated on the surface of AC (toluene removal efficiency of 90.7%, with rate constant of 0.038/min). For one thing, the aggregation of the Fe-TNTs is partially avoided (Asiltürk & Sȩner ) . For another, AC-supported catalyst has higher photocatalytic activities because of its larger S BET . The residence time of the toluene molecules close to the active Fe-TNTs catalyst is artificially increased due to the presence of the highly adsorbent supporting substrates (Lafjah et al. ) . This is in relation to the 'adsorb and shuttle' concept, in which the adsorbent is used for adsorbing the pollutant before releasing to the neighbouring photocatalytic sites (Lafjah et al. ) . The on-stream continuous regeneration of the adsorption sites of AC occurs due to the intimate contact between both adsorption and photocatalytic sites. This regeneration is proposed to occur through the 'remote degradation' mechanism, based on the surface diffusion of active oxidizing chemical species from the Fe-TNTs, where they are formed, to the adsorbent sites on which the pollutants are adsorbed (Lafjah et al. ) .
In addition, in contrast to the Fe-TNTs and the supporting substrate mixing, the intimate contact between the supporting substrates and Fe-TNTs can allow the effective transfer of the excited electrons from the Fe-TNTs' conduction band to the surface of the supporting substrates to be effective, and thus the electron-hole recombination rate decreases (Mahalakshmi et al. ) .
The effect of the repeats number
Experimental studies were also performed to investigate the repeatability of the catalysts by using the used catalysts for several times. The removal efficiencies of toluene reduce as the number of repeats increases because some of the adsorbed pollutant did not release to the photocatalytic sites. According to the BET surface analysis for the catalysts, the S BET of used AC-supported catalysts is smaller than those of fresh catalysts because of the adsorption of toluene. The amount of adsorption sites decreases when the catalysts are used repeatedly. Therefore, the toluene removal efficiencies declined. After the catalyst was used four times, the removal efficiency of toluene in the presence of AC-supported catalyst was still higher than 80%, with the final toluene concentration of 0.43 mg/L. The E g of used unsupported and AC-supported catalysts were 2.72 eV and 2.82 eV, respectively. The narrow E g indicates the photocatalytic activity of the catalyst.
The isolated effects of the treatment processes
Comparative experiments were conducted to investigate the effects of O 3 alone, bare AC alone, O 2 /UV/AC and O 2 /UV/ AC-supported Fe-TNTs processes on toluene removal, and the results were compared with that of the O 3 /UV/AC-supported Fe-TNTs process. The removal efficiencies for the abovementioned processes were 9.3%, 69.3%, 70.7%, 76.9% and 90.7%, respectively.
Compared with other processes, ozonation had a lower toluene decomposition rate because of the lower oxidizability of O 3 compared with that of the · OH generated by the advanced oxidation process (Reddy et al. ) . The toluene removal efficiency through the O 2 /UV/AC process was just 1.4% higher than that through bare AC, and the effect of UV photodecomposition was proved to be insignificant. The removal of toluene by O 2 /UV in the presence of AC-supported Fe-TNTs is 6.2% higher than in the presence of bare AC, indicating the continuous adsorption of toluene and regeneration of the adsorption sites of AC. The toluene removal by the O 2 /UV/AC-supported Fe-TNTs process is more obvious than that of the O 3 /UV/AC-supported Fe-TNTs process, indicating that toluene removal in the UV/AC-supported Fe-TNTs process can be enhanced by ozonation (Wei et al. ) .
The application of the O 3 /UV/AC-supported Fe-TNTs process
It can be seen from Figure 2 (c) that the toluene removal efficiency increased obviously during the first 40 min because the pollutants were not only adsorbed in AC but also decomposed into intermediates in the presence of O 3 and the catalysts. The removal rate slowed down in the period of 40 to 60 min. As the photocatalytic reaction proceeded, an increasing number of intermediates were produced and may have hindered the adsorption process, eventually leading to the termination of the degradation of the pollutants. The toluene removal efficiency was 69.9% in the period of 60 min, with the final toluene concentration of 6.8 mg/L. The TOC removal efficiency increased all along the photocatalytic degradation, and the TOC removal efficiency was 58.3%. The removal efficiency of TOC still increased because of the decomposition of intermediates which were generated at the beginning of the O 3 /UV/AC-supported Fe-TNTs treatment. In addition, the toluene removal efficiency for petrochemical company wastewater was lower than that of the toluene solution because of the competitive degradation of toluene and the organic matter in water. To achieve higher photocatalytic activity, the amount of the catalyst could be increased.
CONCLUSIONS
In this work, AC-supported Fe-TNTs were successfully synthesized. A toluene removal efficiency of over 90% can be achieved in the presence of fresh AC-supported 1.0 at.% Fe-TNTs calcined at 550 W C. Furthermore, even when AC-supported catalyst was used four times, its removal efficiency of toluene was still higher than 80% in water treatment. The good photocatalytic activity of AC-supported Fe-TNTs could be related to its larger S BET . However, the removal efficiencies of toluene reduced when the catalyst was used more than once, since the amount of adsorption sites of the supporting substrates decreased. The enhanced photocatalytic activity of AC-supported Fe-TNTs was related to a synergistic effect of AC adsorption and Fe-TNTs photocatalytic ozonation. The water from a petrochemical company in China was used to obtain the removal efficiency of the pollutants, and the removal efficiency of toluene in the petrochemical company waste water was about 70%. These findings provide the theoretical basis for the application of the O 3 /UV/TiO 2 process to water treatment. Further studies will be focused on the industrial application of this technique. The decomposition products and the removal pathway of toluene will also be explored.
